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infrared  differential  absorption  lidar  for  vapor  detection 


I  INTRODUCTION 

Lidar,  in  general,  and  differential  absorption  lidar  (DIAL),  in 
particular,  have  been  developed  and  used  for  investigative  or  diagnostic 
applications  concerned  with  measurements  of  natural  and  industrially 
induced  phenoswna.  Our  general  purpose  in  the  work  reported  here  was  to 
apply  this  technology  to  the  problem  of  suasuring  vapor  and  aerosol 
phenomena  in  military  environments.  More  specifically,  we  sought  to 
demonstrate  the  feasibility  of  detecting  and  supping  battlefield  induced 
aerosols  and  vapors  using  active  resmte  sensing  systems  on  ground  and 
airborne  platforms. 

Both  ground-sub*.  *.e  and  airborne  infrared  DIAL  systems  were 
developed  using  eoamercially  available  components.  These  systems  were 
designed  for  versatility  and  ease  of  siodif ication  in  order  to  study 
vapor  and  aerosol  phenomena  in  typical  battlefield  environments.  They 
made  use  of  existing  hardware  components  and  can  be  updated  to  state-of- 
the-art  systems  during  future  developswnt  programs.  A  wide  range  of 
field  experiments  were  conducted  with  these  systems. 

The  designs  of  the  ground-aaobile  and  airborne  systems  are  dis¬ 
cussed,  their  testing  and  experimental  results  described,  and 
conclusions  presented  in  this  paper. 
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II  DESIGN  OF  THE  DIAL  SYSTEMS 


The  purpose  of  this  work  wet  to  develop  lidar  systems  to 
investigate  physical  transport  phenomena  of  vapors  and  aerosols  that 
might  occur  in  battlefields  of  the  future,  demonstrate  concept 
feasibility,  end  establish  capabilities  and  limits  of  system 
performance.  To  expedite  achieving  these  goala,  commercially  available, 
off-the-shelf  equipamnt  was  obtained  and  assembled.  This  approach 
permitted  testing  early  in  the  program  and  provided  the  appropriate 
experiomntal  flexibility  to  address  scientific  and  technological 
issues.  Consideration  of  a  state-of-the-art,  optimised  system  for  field 
applications  will  follow  naturally  in  subsequent  developamnts. 

A.  Ground-Mobile  Breadboard  (CMB) 

The  GMB  (Figure  1)  was  designed  for  both  column-content  and  range- 
resolved  detection.  It  possesses  real-tiem  display  capabilities  for 
field  diagnostic  purposes,  as  well  as  the  ability  to  record  all  data  on 
augnetic  tape  for  subsequent  detailed  analyses  in  the  laboratory.  The 
system  design  consists  of  a  laser  transmitter,  optical  receiver,  and 
control,  signal  processing,  and  diagnostic  equipeient. 

1.  Laser  Transmitter 

The  transmitter  consists  of  two  manually  tuned  CO 2  TEA  lasers  con¬ 
figured  as  shown  in  Figure  2.  The  two  beams  are  combined  and  trans- 
>  mi t ted  coaxially  with  a  variable  temporal  delay  spacing  of  10  ys  to  10 

ms. 

A  small  fraction  of  each  laser  beam  is  diverted  for  diagnostic 
measurements  of  the  transmitted  peak  power,  wavelength,  and  beam 
'alignment.  Peak  power  and  pulse  shapes  are  monitored  on  a  pulse-to- 
pulse  basis  usir.«  the  integrating  spheres  and  room-temperature  HgCdTe 
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Figure  2.  GMB  Trammittvr 
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detectors  c,  The  laser  wavelength  is  monitored  with  a  spectrum 
analyser.  Beam  position  is  detected  by  means  of  a  quadrant  pyroelectric 
drtector}  results  of  subtracting  the  signal;  from  opposing  quadrants  are 
displayed  on  two  analog  meters  to  yield  beam  position  error.  The 
quadrant  signals  are  al^o  summed  and  used  to  normalize  the  error 
signals.  The  sum  signs'  a  are  recorded  as  energy  monitor  signals.  The 
specifications  of  the  transmitter  are  summarized  in  Table  1.  The  lasers 
operate  in  a  sealed-off  configuration  with  a  lifetime  of  >10^  shots 
without  degradation.  The  lasers  are  triggered  using  a  thyratron  and 
exhibit  jitter  of  less  than  2.5  ns. 

Table  1 


GMB  L1DAR  HARDWARE  SPECIFICATIONS 


_ Parameter _ 

Transmitter  Module 

Wavelengths  (pm) 

Energy /pulse  (J  on  10P20) 
Pulse  rate  (Hz) 

Beam  divergence  (mrad) 

Mode 

Pulsewidth  (ns  gain  switch) 
Beam  area  (mm  x  mm) 

Receiver  Module 

Diameter  (in.) 

Detector  , 

Detectivity  (cm  Hz  vW) 

FOV  (mrad) 

Bandwidth  (Hz-MHz) 

Data  Module 

Digitization  (MHz-bit) 

Energy  monitor 

Wavelength  monitor 

Processor 

Recording 

Display 

Visual  scene 


Specification 


9.2-10.8 

3.0 

20 

6.5H,  3.5V 

Multimode 

90 

18  x  36 


16 

HgCdJg  Quadrant 
8 

10-7 


10-12  lin/10-10  log 
P/roelectric 
CO2  spectrum  analyzer 
DEC  LSI  11/23 
°-track,  2400  ft 
TV  of  computed  data 
Color  video 
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2.  Optical  Receiver 

The  receiver  consists  of  a  f/2.5,  40.6-cm  diameter  Newtonian  tele¬ 
scope  with  a  liquid  N.  HgCdTe  quadrant  detector  (Figure  3).  The 

10  It 

detectivity  of  each  lxl-mm  detector  element  is  4x10  cm  HzvW.  To 
expand  the  field  of  view  (FOV)  of  the  receiver,  a  germanium  imsiersion 
lens  was  used  to  yield  an  FOV  of  8  mrad.  Both  log  and  linear  output 
were  available  for  the  quadrant  sum  signal.  Beam  alignment  was  moni¬ 
tored  on  the  received  signal  in  a  similar  fashion  to  that  described  for 
the  transmitted  signal.  The  detector  and  amplifier  were  mounted  in  an 
EMI-shielded  box  and  powered  using  a  12-V  battery. 

3.  Control,  Signal  Processing,  and  Diagnostic  Equipment 

The  lidar  control,  signal  processing  and  diagnostic  subsystems  were 
designed  to  provide  real-time  displays  of  raw  signals  and  processed 
data,  e.g.,  vapor  concentration,  and  to  store  all  taw  data  on  tape  for 
later  analysis.  The  system  used  to  accomplish  this  is  shown  in 
Figure  4.  Trigger  pulses  that  signal  laser  firings  are  input  to  the 
prograamuble  clock,  which  in  turn  triggers  the  digitisers.  Digitised 
data  are  transmitted  to  the  microprocessor  for  averaging  and  processing 
to  determine  concentration  and  other  parameters,  and  are  subsequently 
displayed  on  the  TV  monitor.  Video  camera  data  are  displayed  on  the 
second  snnitor  and  recorded  to  provide  visual  documentation  of  scenes 
involved  in  the  tests. 

B.  Airborne  System 

The  airborne  system  (Figure  S)  was  designed  to  operate  in  the  SRI 
Queen  Air  twin-engine  Beechcraft.  The  design  is  a  simple  downward¬ 
looking  configuration.  The  specifications  of  the  lidar  are  similar  to 
those  of  the  ground-mobile  system,  with  the  following  differences: 

1.  The  use  of  available  laser  components  compatible  with  aircraft 
weight,  size,  and  power  constraints  limits  the  laser  pulse 
repetition  frequency  to  2  Hz. 
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Figure  3. 
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Figure  5.  Air- Reconnaissance  System 


2*  The  telescope  dimtir  matches  the  sise  of  tha  existing  port 
in  tha  aircraft,  using  a  36-cn  Cassegrain  configuration. 

3.  Aircraft  payload  limitations  raatrict  real-time  data 
processing  and  display. 

4.  A  linear  data  channel  is  used  for  column-content  measurements 
and  a  logarithmic  channel  for  range-resolved  measurements. 

A  block  diagram  of  the  airborne  system  is  shown  in  Figure  6.  System 
specifications,  based  on  equipment  readily  available  at  the  time  of  the 
tests,  are  given  in  Table  2.  The  system  is  expandable  to  incorporate 
more  recent  advances  in  laser  and  data  analyses  equipment  that  s»re 
closely  swteh  the  performance  specifications  of  the  ground-mobile 
system. 


i 

i 
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Figure  6.  Block  Diagram  of  Airboma  System 


Table  2 


AIRBORNE  LIDAS  HARDWARE  SPECIFICATIONS 


Para— tar 


Tran— it  tar  Nodule 

Wa— lengths  (yn) 

Energy /puls*  (J  on  10P20) 
Pul—  rata  (Ha) 

Ba—  41— rgenca  (nad) 

Mode 

Pulsewidth  (na  gain  —itch) 
Baaa  area  (—  a  — ) 

Tran— it  interval  (wa) 

Racai— r  Nodule 

Die— tar  <e») 

Detector  , 

Detectivity  (ca  Hs  vW) 

POV  (—ad) 

Bandwidth  (Hs-HHs) 

Date  Nodule 

Digitisation  (MU-bit) 

■ne rgy  won i  tor 

Wa— length  Monitor 

Processor 

Recording 

Display 

Visual  scene 


Specification 


9.2-10.6  (70  lines) 
l.S  su 
2 

A.3E,  2.6V 
Mult inode 
100 

13  a  18 

30  (adjustable) 


33  (14  in.) 

HgCdTe 

4al010 

6 

10-7 


10-12  lin/100-8  log 

Pyroe lectric 

CO.  s pact run  analyser 

DK  LSI  11/23 

t-track,  600  ft,  1600  bpi 

A-scope  (lin  or  log) 

Color  video 
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Ill  UILD  EXPERIMENTS  AMD  RESULTS 


A,  tmriwifl  Can ditioas 

Eifarimti  vara  iaitiatad  ia  tha  naaer  of  1N4  at  tha  U.  8.  Amy 
Dugway  Froviat  Ground  (DK),  Utah,  approxiaataly  100  alias  southeast  of 
Salt  Lake  City. 

Dm  alto  ia  a  high  dasart  with  flat  tarraia 
partially  ctvarsf  with  lav  brush.  Uaytiaa  taaparatures  wara  typically 
Call— -raataat  axpariaaats  wara  conducted  using  Craaita 
No— tala,  located  I.S  ha  away,  as  tha  topographic  raflactor.  Range 
rasslvad  —  asaraaaats  wara  parfomod  at  short*',  raagas  withia  or  aaar 
tha  tost  slta. 

Iha  vapor  used  was  Aim thyl  s»th/i  phosphate  (BMP),  which  is  a 
liquid  at  rooa  taaparatura  hut  vapor isas  readily  whan  aerosol laud  or 
spread  an  surf acas . 

Tha  Mt  vapor  —a  disseainated  using  t  rackmounted  sprayars 
(Pig— a  7  )•  Qsa  ta  thraa  tracks  wara  uaaA,  AapaoAing  on  tha 
axp— iaoat.  Each  track  asaA  prassuriaoA  aitrogan  bottlos  to  aarosolisa 
liquid  BMP  fr—  a  2m  laag  spray  bar  about  3  a  abova  ground.  Tha 
— 1  quickly  avaparataA,  faming  a  vapor  cloud  downwind.  Each  truck 
had  a  2t-gsliaa  capacity  aad  a  capability  of  diss—i noting  its  load  in 
20  aia. 
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Tha  4«|rH  of  interference  froa  various  saokes  such  as  hesachloro- 
t thane  (1C),  shita  phosphorous  (HP),  and  rad  phosphorous  (IP)  was  also 
Invast igated.  A  sank a  ralaasa  froa  a  generator  Locatad  iaaediately  in  back 
of  tha  truck  Is  also  shown  In  figure  7.  Saokes  vara  also  usad  to  assist 
tha  aircraft  pilot  in  locating  otherwise  invisible  vapor  clouds. 

B.  Lidar  Beturn  tignals 

Typical  return  signals  froai  tha  a  taw)  sphere  and  a  topographic  target 
are  shosas  in  Figure  8.  The  Left-hand  coluan  has  a  full  scale  of  3  ks 
and  shoos  the  detail  of  the  return  signal  froai  naturally  occurring 
aerosols  which  yield  range-resolved  data.  The  right-hand  coluan  has  a 
full  scale  of  f  too  and  shoos  the  topographic  return  signal  froai  Cranite 
Mountain  which  yields  coluan-centered  data.  Bach  scope  display  shows 
the  return  signals  for  too  wavelengths— one  not  absorbed,  Xg,  and  one 
absorbed,  Xg,  by  BMP  vapor.  DMfP  was  released  upwind  of  tha  GMB  and 
drifted  through  its  line  of  sight  at  a  rang*  of  1  ka.  Tha  top  two 
displays  shoo  the  signals  before  BMP  reached  the  line  of  sight}  note 
that  both  the  abaorbed  and  nonabsorbed  signals  are  nearly  parallel, 
indicating  no  differential  absorption  and  hence  no  presence  of  3MMP. 

The  Middle  too  displays  shoo  the  effect  of  BMP  on  both  the  aerosol  and 
topographic  target  return  signals  for  Xg.  Tha  bottoa  two  displays  show 
the  effect  of  a  very  large  concentration  of  BMP,  which  decreases  tha 
raturn  signal  for  Xg  below  the  noise  at  a  range  of  lass  than  1.5  ka  and 
totally  attenuates  the  topographic  return  signal. 

These  types  of  data,  digitised  and  processed  in  real  tine  and  again 
in  aore  detail  in  the  laboratory,  are  described  in  nore  detail  below. 

C.  Colusa-Content  Test 

Detection  of  a  cloud  of  DMMP  7  ka  away  fron  the  lidar  systea  was 
atteapted  using  topographic  reflection  froa  Granite  Mountain  at  a  range 
of  8.5  ka.  The  received  raw  energy  data  for  the  topographic  return  were 
Plotted  versus  elapsed  tisa  (Figure  9  ).  The  signal  froa  the  non¬ 
absorbed  wavelength  (laser  A)  is  fairly  constant,  with  the  only 
variations  due  to  overall  systea  noise.  The  signal  froa  the  absorbed 


GRANITE  MTN 
rARGET  8.5  km 


GRANITE 

MTN 

DISSEMINATOR  tms-*577 

Figure  8  .  Typical  Lidee  Signals  Showing  Absorbed  and  Nonabaorbad  Wavelength*. 

Tha  top  pair  shows  tha  signals  with  no  DMMP  peasant.  The  middle 
pair  wart  taken  with  soma  DMMP.  Tha  bottom  pair  with  a  large 
amount  of  DMMP. 
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wavelength  (later  B)  thowt  two  substantial  local  minima  that  are  caused 
by  absorption  by  clouds  of  DMMP.  When  processed  using  Beer's  law,  these 
data  yield  the  concantration-times-path-length  products  (CL)  shown  in 
Figure  10  .  The  two  clouds  of  DMMP  are  shown  to  have  peak  CLs  of  400  and 
200  Following  the  passage  of  the  second  cloud,  the  CL  product 

decreases  to  near  saro,  and  subsequently  its  variation  reflects  tv? 
propagation  of  system  noise  into  the  CL  product  calculations.  The 
standard  deviation  of  the  CL  data  obtained  with  no  absorbing  vapor  is 
one  SMasura  of  the  sensitivity  of  the  system.  For  these  data  the  stan- 
dard  deviation  was  computed  to  be  9  mg/m  . 

D.  Range-Ra solved  Test 

Range-resolved  testa  were  conducted  with  DMMP  released  with  HC 
smoke.  The  line  of  sight  of  the  lidar  was  held  stationary  to 

observe  the  concentration  pattern  of  the  cloud  drifting  through  the  fOV. 

The  real-time  display  of  raw  data  in  the  range-resolved  mode  is 
shown  in  Figure  11.  The  top  plots  show  the  log  of  the  range-corrected 
signal  versus  range.  The  plot  on  the  left  is  nonabsorbed  data  (X^);  oil 
displayad  return  signals  lie  nearly  on  top  of  each  other.  The  top 
right-hand  plot  is  the  absorbed  return  signal  (Xg),  which  shows  a 
saquence  of  decreasing  signal  returns  caused  by  an  increasing 
concentration  of  DMMP.  '  The  lower  left  plot  shows  the  integrated 
concentration  (CL)  of  the  cloud  with  SKmotonically  increasing  values  of 
CL  up  to  approximately  650  mg/m  .  The  right  lower  plot  shows 
concentration  versus  range  with  peak  values  of  1.5  mg/m**.  Beyond 
approximately  800  m,  the  raw  data  exhibit  mostly  noise  because  of  signal 
loss  due  to  substantial  absorption  by  the  cloud  and  effects 
associated  with  increasing  range. 

These  data  were  processed  and  prepared  in  a  3-D  format  (Fi  re 
12).  The  first  minute  of  data  is  background  with  neither  DMMP  nor  smoke 
present.  The  occasional  spikes,  noticeable  especially  at  longer  ranges, 
•are  caused  by  random  noise  of  the  system  that  has  become  larger  locally 
than  the  threshold  value  of  0.25  mg/m  ,  which  was  chosen  to  establish 
the  threshold  plane.  UC  smoke  then  drifted  through  the  line  of  sight. 
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COLUMN-CONTENT  DATA 
MOUNTAIN  TARGET  AT  8  km 
TARGET  MATERIAL  DMMP 


DATE  8/8/84  START  TIME  15:83:30 

RUN  NUMBER  2  THRU  3  END  TIME  15:54:  7 

RECORD  NUMBER  1484  THRU  1534  LASER  A  K  10R23 

LASER  8  K  9P12 

TMS-2377 


Figure  10*  Column-Content  Detection  Dete 
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OATE  8/9/84 
RUN  NUMBER 
RECORD  NUMBER 


4  THRU  4 
214  THRU  376 


START  TIME  12:  0: 
END  TIME  12:  2: 
LASER  A  X  10R22 
LASER  B  X  9P12 


0 

0 


TMS-2577 


12.  Measured  Cloud  of  DMMP  with  HC  Smoke  in  3-D  Format 
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causing  no  apparent  change  in  the  random  and/or  systematic  error  of  the 
system.  Next,  DMMP  was  released  simultaneously  with  HC  smoke  and  the 
bifurcated  cloud  shown  in  the  plot  rose  well  above  the  threshold 
plane.  The  peak  concentration  detected  was  1.5  mg/m  ,  and  the  standard 
deviation  of  the  background  data  at  1  km  was  calculated  to  be  0.09  mg/m^ 
when  averaging  8  pulse  pairs  of  data  (0.4  s  of  data). 

E.  Dual  Cloud  Test 

Two  clouds,  each  from  a  different  location  and  type  of  source,  were 
generated  and  detected.  The  clouds  were  disseminated  as  shown  in 
Figure  13.  The  cloud  closest  to  the  GMB  was  generated  by  spraying  the 
ground  with  DMMP,  which  evaporated  over  a  period  of  20  minutes.  The 
cloud  farthest  from  the  GMB  was  generated  by  directly  spraying  DMMP  into 
the  air.  Typical  vapor  cloud  detection  results  are  displayed  in 
Figure  14.  The  first  cloud  encountered  was  somewhat  smaller  in  concen¬ 
tration  because  it  is  the  result  of  secondary  evaporation.  Note  that, 
as  time  passes,  the  concentration  of  the  cloud  decreases  and  then 
increases.  These  changes  indicate  the  influence  of  the  mir.rometeor- 
ological  conditions.  For  example,  clouds  may  drift  out  of  the  line  of 
sight,  causing  voids  in  detected  concentrations,  or,  as  indicated  midway 
during  the  measurement  period,  clouds  may  separate  completely  and 
exhibit  much  smaller  concentrations.  At  the  end  of  the  elapsed  time, 
the  clouds  remerged  with  a  significant  increase  in  concentration. 

F.  Test  of  Vertical  Scanning 

The  ability  to  detect  and  map  clouds  vertically  was  demonstrated 
with  vertical  scanning  of  the  system.  Typical  resulting  data  are  shown 
in  Figure  15.  In  this  display,  the  cloud  is  plotted  as  a  solid  line 
when  the  concentration  exceeds  a  threshold  concentration  of  0.25  mg/m'*. 
The  detected  cloud  was  found  to  have  a  maximum  height  of  20  m  and  to 
occur  between  600  m  and  1000  m  in  range. 
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Figure  13.  Dm!  PHnim  Toot  Confi|urecton 
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TARGET  MATERIAL  DMM* 


RANGE  —  i 


DATE  S/S/04 

RUN  NUMEER  2  THRU  2 

RECORD  NUMSER  216  THRU  27t 


Figurt  15.  R (tutting  Oita  From 
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START  TIME  10:1$:  0 
END  TIME  10:10:47 
LASER  A  X  10R22 
LASER  S  X  9*12 

TMS-2577 


Scanning 


C.  Airborne  Detection  tiling  Topographic  Scattering 


Measureaients  with  airborne  lidar  were  taken  along  the  oval  flight 
pattern  ahown  in  Figure  16.  The  aircraft  repeatedly  croaaed  the  plume 
at  locationa  cloae  to  the  aource  (which  would  tend  to  have  larger 
concentrations  and  narrower  clouda)  and  far  from  the  aource  (which  would 
tend  to  have  amaller  concentrationa  and  wider  clouda).  An  example  of 
the  reaulting  column-content  data  ia  presented  in  Figure  17*  The 
diamonda  represent  turnaround  points  for  the  aircraft;  thus,  one  would 
expect  to  see  a  cloud  between  each  pair  of  diamonds.  Aa  ahown  by  the 
data,  the  clouds  tend  to  be  wider  at  larger  downwind  distances.  The 
airborne  lidar  detected  vapor  clouda  7  km  downwind  of  their  aource  and 
might  have  detected  clouda  farther  downwind  except  for  flight 
restrictions  iaqtoaed  by  other  operations  in  the  area. 
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Flyura  16,  Aircraft  Fliyht  Nth  and  Vapor  Dlnamloator 
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RECORD  NUMOER  * 

DATE  7/3 m  START  TIME  0:30:11 

SHOT  NUMOER  3370  THRU  3801  END  TIME  0:30:11 
RECORD  NUMOER  1300  THRU  172S 

TMO-M77 


Figure  17*  Airborne  LkUr  Reeuta  in  Column- Content  Operation 


IV  CONCLUSIONS 


Cround-mobiie  and  airborne  COj  lidar  systems  were  developed  to 
■easure  vapor  and  aerosol  clouds.  The  Ildars  were  operated  in  the  field 
using  DMMP  as  the  target  vapor  to  examine  their  performance  capabil¬ 
ities.  Column-content  detection  of  a  DMMP  cloud  7  ka  away  using 

topographic  reflection  from  8.5  km  away  yielded  a  measured  uncertainty 
* 

of  9  mg/m  .  Range-resolved  tests  were  used  to  sup  DMMP  cloud  concentra¬ 
tions,  and  the  awasured  uncertainty  at  1  km  in  range  was  0.09  ag/a?. 

Two  clouds  were  generated,  detected,  and  distinguished  from  one  another 
to  deannstrate  detection  of  a  cloud  through  a  cloud.  Also,  measurements 
of  vapor  evolving  from  liquid  on  a  surface  were  demonstrated. 

The  airborne  lidar  detected  vapor  clouds  up  to  7  km  downwind  of 
their  source  and  was  limited  from  detection  farther  downwind  by  aircraft 
flight  restrictions,  not  the  sensitivity  of  the  system. 

Work  is  underway  to  upgrade  the  detection  and  data  processing 
capabilities  of  these  systems.  These  improvesmnts  will  then  be  followed 
by  further  testing  at  DPG.  Also,  an  effort  is  underway  to  address 
equipment  miniaturisation  issues  associated  with  fielding  practical 
lidar  systems  for  military  applications. 


35 


